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Abstract
Microbial Fuel cells (MFCs) are bioreactors, which 
generate power directly from dissolved organic sub-
strate, such as sugars, organic acids and biomass by 
using electrogenic organisms as biocatalyst. The con-
cept of MFCs has been known since about 100 years 
ago, however it hadn’t attracted much attention be-
cause current and power production was very small. 
For last 10 years, the current and power production 
of MFCs has been advanced signiﬁ cantly, and MFCs 
has attracted attention as a sustainable power produc-
tion technology. Especially in the ﬁ eld of wastewater 
treatment, practical application of MFCs is strongly 
desired because MFCs can achieve both sanitization 
of water and power generation at the same time. Fur-
thermore, wastewater theoretically contains several 
times higher potential energy than the required ener-
gy for its own treatment. Except MFCs, there already 
have existed wastewater treatment processes that can 
achieve energy recovery such as methane fermenta-
tion. However, compared to anaerobic digestion pro-
viding methane, MFCs have some advantages. 
In the field of animal industry, the treatment of 
large amount of animal manure has been a big prob-
lem because it requires a lot of energy. However, this 
can be reversed, since the animal manure contains 
great amount of potential energy. The recent increase 
of anaerobic digester’s construction shows the high 
interest in the energy recovery from this waste.
In this paper, the alternate to this technology MFC, 
will be discussed.
1. Introduction
From animal industry, large amounts of animal ma-
nures are generated every day in the world. In Japan 
only, 90 million tons of animal manures are generated 
each year (Ministry of the Environment, 2007). 
To prevent environmental pollution, it is important 
to treat them before release. But it requires much 
power for treatment. For example, in activated sludge 
process, which is conventional wastewater treatment 
process, 1kWh/kg carbohydrate of energy is required 
(Rabaey and Verstraete, 2005).
However, it is said that wastewater has 9.3 times 
potential energy (Shizas and  Bagley, 2004).  In other 
words, they can be a great energy source. If we can 
recover and use it for wastewater treatment, total 
power consumption for wastewater treatment will 
be reduced, and further, if the amount of recovered 
energy exceeds the amount of required energy for 
wastewater treatment, energy can be obtained from 
wastewater.
From the view of constructing sustainable society, 
energy recovery from wastewater is quite important.
As an energy recovery system from wastewater, 
methane fermentation has been already in practical 
application, in which bio-gas is recovered and used 
as the fuel for electric generation. However, methane 
fermentation system has some problems.  Bio-gas 
of methane fermentation includes hydrogen sulfide 
(Weiland, 2010), which is not only corrosive but also 
toxic for human. 
Microbial fuel cell (MFC) is a novel and alternate 
to this technology. In this system, electricity is ob-
tained directly instead of recovering as fuel. This 
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direct power production is achieved by collecting 
excess reducing power from microorganisms through 
external circuit.
The concept of MFC was known from about 100 
yeas ago (Potter, 1912). But it didn’t attract much 
interest because the power production was very low. 
But in 1980s, electron mediator was found to enhance 
power and current production significantly (Roller 
et al., 1984). Mediators are chemicals, which are re-
duced by collecting electron from microbes and oxi-
dized by passing electron to the anode. And in 1999, 
it was reported that some microbes can transfer elec-
tron directly to the electrode and they can produce 
high power and current (Kim et al., 1999). After these 
breakthroughs, MFC has been regarded as one of the 
most attractive technology for the energy recovery 
from wastewater.
As energy recovery process from wastewater, there 
are many merits of MFC, compared to methane fer-
mentation. First, MFC can produce power directly, so 
it does not require power generator, whereas methane 
fermentation requires it. Second, assuming that re-
covered energy is used as electric power, theoretical 
energy recovery rate is higher, because it is not re-
stricted by the limitation of Carnot cycle. Third, MFC 
can be operated lower temperature such as 20˚C, 
whereas methane fermentation have to be warmed to 
37 or 55˚C . Fourth, no need of off-gas treatment and 
do not need to worry about toxic gas.
In this review, MFC, as a potential technology for 
energy recovery is presented. Also the possibility of 
application to animal wastewater treatment is pre-
sented.
2. Principal of MFC
MFC is composed of anode and cathode. The sche-
matic diagram of typical two-chamber MFC is shown 
in Fig.1. In the anaerobic chamber, electrogenic bac-
teria, such as genus Geobacter and genus Shewanella 
degrade organic compounds in the wastewater.
For example, acetate is degraded by following reac-
tion. 
CH
3
COO− + 2H
2
O → 2CO
2
 + 7H+ + 8e−
Protons produced by the microbes move to cathode 
chamber through the ion exchange membrane by 
diffusion. Electrons also move to cathode through 
external circuit. On the surface of cathode electrode, 
electron and proton are reacting to cathode oxidizer. 
For example, if oxygen is user as cathode oxidizer, 
water is produced, with following reaction.
O
2
 + 4e− + 4H+ →2H
2
O 
If we set external resistance in the external circuit, 
potential of electron is converted to power. This is the 
mechanism of power production in MFC process. 
There are two major mechanism of electron trans-
fer from microbes to electrode. One is mediator type, 
which use some chemicals as electron shuttle. In the 
mediator type MFC, electrons in the microbes are 
passed to mediator and mediator become reduced 
form. On the other hand, mediators pass electrons to 
electrode and become oxidized form. By being oxi-
dized and reduced repeatedly, mediators play role of 
electron shuttles from microbes to electrode. The oth-
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Fig. 1. Schematic diagram of typical two-chamber MFC.
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er mechanism is direct electron transportation in the 
mediator-less MFC. It is thought that microbes make 
conductive wires called nano-wire and transport elec-
tron to electrode through it. But detail mechanism of 
this direct electron transportation is yet unknown.
3. Classifi cation of MFCs
There are many types of MFC. Here, basic patterns 
and strategies of MFC for wastewater treatment, are 
presented.
3-1 Mediator type or mediator-less type
The difference between mediator type and media-
tor-less type are using mediator or not. The demerit 
of mediator type is that in case chemical mediator is 
added, it will ﬂ ow out with efﬂ uent and need continu-
ous addition. To solve this problem, to acclimate me-
diator producing bacteria in anode chamber is investi-
gated. Anode electrode modiﬁ cation with mediator is 
also investigated.
Generally, the power production from mediator-less 
type is higher than mediator type, and is regarded to 
have advantage.
3-2 Variety of electron acceptor of cathode
As cathode electron accepter, oxygen, ferricyanide 
and nitrite are used mainly. Ferricyanide cathode 
can produce highest power of these three. But it is 
not sustainable, and is not regarded to be applied for 
practical use (Logan et al., 2006). So, ferricyanide 
is used as cathode electron accepter when observing 
anode reaction under it is not restricted by cathode 
reaction.
Nitrate is sometimes used. The characteristic of ni-
trate cathode is that nitrate is reduced to nitrogen gas. 
So with this system, power production and nutrient 
removal can be achieved at the same time (Clauwaert 
et al., 2007). However, nitrogen in the organic waste-
water is always exists as ammonia nitrogen or or-
ganic nitrate, and to convert them to nitrate nitrogen, 
it require aeration consuming a lot of power. So, the 
problem of this system is how to prepare nitrate for 
cathode.
Oxygen is the most major cathode electron acceptor 
and regarded as electron accepter for future practical 
application, because there is plenty of oxygen in the 
air and is sustainable (Logan et al., 2007). To evaluate 
total performance of the cell, oxygen is used for cath-
ode. However, the reduction rate of oxygen is slow 
and sometimes cathode reaction becomes limiting 
factor of the cell, and it make to evaluate limitation of 
anode difﬁ cult. For the MFC using oxygen as cathode 
electron acceptor, there is a system without anode 
chamber, called single-chamber MFC. The schematic 
diagram of this system is shown in Fig.2. In this sys-
tem, oxygen can directly go through cathode. Since 
this process does not require aeration, it requires low 
power for operation. And also, the power production 
of single-chamber system is higher than two-chamber 
system (Liu et al., 2004), because the oxygen supply 
rate is higher compared to two chambered system. So 
this type is regarded as most probable for practical 
use.
4. Evaluation methods of MFC
To evaluate capacity of MFC, power production, 
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Fig. 2. Schematic diagram of typical single-chamber air-cathodeMFC.
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current production, coulombic efﬁ ciency, organic re-
moval capacity are measured.
Power production capacity is normally decided 
based on power density curve, which is a ﬁ gure plot-
ting relationship of power density and current den-
sity Fig.3. These are made by the measuring voltage 
by changing external resistance. Current, I (A) and 
power density, P (W/m2), is calculated according to 
I= V/R and P = IV/A where V (V) is the voltage, R 
(Ω) is the resistance, and A (m2) is surface area. Pro-
jected anode surface area of anode is normally chosen 
as surface area of electrode. The maximum point of 
power density curve is the maximum power density. 
Instead of changing external resistance, linear sweep 
voltammetry technique with potentiostat can be used 
(Logan et al., 2006). Potentiostat is a device which 
can control the voltage between two electrodes. 
Linear sweep voltammetry technique is a technique 
sweeping voltage two electrode with constant rate 
and measure current. With this method, relationship 
between anode and cathode can be obtained. Polar-
ization curve can also be obtained from these data. 
The slope of polarization curve indicates the internal 
resistance of MFC (Logan et al., 2006), which affect 
maximum power production.
Coulombic efﬁ ciency (CE) is the value how much 
proportion of organic substrate is used for current 
production. Substrate which is not used for current 
production is consumed by non-electrogenic bacteria 
or consumed by electorogenic bacteria but used for 
other metabolism such as growth or internal carbon 
storage (Freguia et al., 2007). The low coulombic ef-
ﬁ ciency means the proportion of electrogenic bacteria 
is low. In highly enriched cell, coulombic efﬁ ciency 
can be as high as 95% (Bond and Lovley, 2003).
The actual charge amount, ﬂ own thorough the ex-
ternal circuit can be calculated by the integration of 
current times second. The theoretical charge amount, 
when 100% of organic substrate is used for current 
production can be calculated by the following equa-
tion.
Q = 96500 (C/mol) ×COD (gO) / 16 (gO/mol) × 2
CE is calculated by dividing actual charge by the 
theoretical 100% charge. 
Chemical Oxygen demand (COD) is used for con-
centration of organic substrate. In case of real waste-
water, measured value is used. On the other hand, 
theoretical value can be used when artiﬁ cial wastewa-
ter is used.
Organic removal capacity means how clean the 
wastewater becomes by the treatment. By dividing 
the COD of effluent by the COD of influent, this 
value can be calculated. This value can be changing 
by the retention time of wastewater.
5.  Applications of MFC and similar electro-
chemical system
When applied to wastewater treatment, MFC and 
similar bioelectrochemical system can achieve not 
only power production, but also provide other merit 
Fig. 3. Polarization and power density curves of a microbial fuel cell operating on swine waste water. The curves 
are the original data (Min et al., 2005)
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such as nitrogen removal, hydrogen and methane pro-
duction and desalination.
As described before, nitrogen removal can be 
achieved by using nitrate for cathode of MFC. This 
system is quite useful, when a lot of nitrate is avail-
able.
Hydrogen production is achieved by Microbial 
electrolysis cell (MEC). In this system, about 0.2V 
is added from external circuit, by this increase of 
potential, proton can be reduced to be hydrogen on 
the cathode. The hydrogen recovery efﬁ ciency of this 
system is higher compared to hydrogen fermentation 
(Logan et al., 2008). And also, methane is produced 
with this system (Wang et al., 2009). They reported 
the rate of methane production is low when higher 
voltage is applied between anode and cathode.
Microbial desalination cell (MDC) is a process 
which makes it possible to desalinate water by using 
MFC mechanism (Mehanna et al., 2010). The con-
ﬁ guration of MDC is shown in Fig.4. In anode cham-
ber of the cell, proton is produced and to compensate 
it, anion such as chloride in the middle desalination 
chamber goes to the anode chamber through an-
ion exchange membrane. On air cathode, proton is 
consumed and concentration of OH− is increase. To 
compensate it, cation such as sodium in the middle 
desalination chamber goes to the cathode through cat-
ion exchange membrane. As a result of this ion trans-
portation, salinity in the center desalination chamber 
is achieved.
With the operation of MFC ammonia removal from 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Schematic diagram of microbial desalination cell
swine wastewater (Kim et al., 2008) was reported. 
Ammonia oxidizing bacteria was detected on the 
cathode, but it cannot be explained only by the nitriﬁ -
cation. However, no current production was observed 
by the addition of ammonium, they concluded that 
it is caused by ammonia volatilization with the local 
pH increase near cathode. He et al. (2009) reported 
that current can be produced by the ammonium in the 
MFC, but the coulombic efficiency was only 0.3% 
and almost no contribution for current production. 
However, it is a fact that ammonia is removed from 
wastewater and if the technology to collect volatilized 
ammonia is established, it is can be used for practical 
application.
In future, along with the progress in research about 
MFC, much more modification methods, which are 
new and attractive for wastewater treatment might be 
developed.
6. Potential of MFC for animal wastewater 
treatment
High power production by MFC is achieved when 
wastewater contains, high organic substrate (Liu et 
al., 2005B), high conductivity (Liu et al., 2005A), 
and high buffering capacity (Gil et al., 2003). Some 
animal wastewaters are thought to be suitable for 
MFC because they meet these conditions. 
Table 1. is a comparison of power production from 
various wastewaters contain artificial wastewater, 
municipal wastewater, and animal wastewater. It 
should be noted that these results might be affected 
by the capacity of each MFCs and it might not be 
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Table 1. Comparison of power production from various wastewaters
Type of substrate
Concentration of
organic substrate
(mg/L)
Maximum
power
(mW/m
2
)
Coulombic
efﬁ ciency
Type of
MFC
COD
removal
efﬁ ciency
Ref.
Artifi cial
wastewater
Acetate 1000 2400 41% Air cathode -
Logan et al.,
 2007
Glucose 480 (TOC) 2160 28% Air cathode 93%
Catal et al.,
 2008
Real wastewater
Swine wastewater 8320 (COD) 261 8% Air cathode
27% 
(44h)
Min et al.,
2005
Farm manure - 5 - 2 chamber -
Scott and
Murano.
2007
domestic
wastewater
200-300 (COD) 146 20% Air cathode -
Liu and
Logan.
2004
Brewery watewater 2240 (COD) 205 10% Air cathode 87%
Feng et al.,
2008
Meat packing
wastewater
6010 (COD) 139 - Air cathode
Heilman
and Logan.
2006
Paper recycling
wastewater
1400 (COD) 144 - Air cathode 29%
Huang and
Logan. 2008
starch processing
wastewater
(diluted to 1/2)
4852 (COD) 239.4 8% Air cathode 98%
Lu et al.,
2009
represent the maximum capacity of each wastewater.
Current production from the substrate of glucose 
and acetate are higher than real wastewater. It might 
be because those substrates are easily degradable 
by the microorganisms. However, real wastewaters 
are also good fuels for MFC. Furthermore, current 
production from swine wastewater is higher than 
other wastewater such as municipal wastewater. That 
means at least some animal wastewaters are as suit-
able fuel as or sometimes more suitable than munici-
pal or other wastewaters. 
However, there are only few reports about animal 
wastewater treatment with MFC. Since real wastewa-
ter contains misplaced materials and microbes, they 
might have some inhibitive affect for MFC. So it is 
important to accumulate knowledge about real animal 
wastewater treatment by MFC.
MFC is expected as a future energy recovery 
system from wastewater. There are a lot of animal 
wastewaters need to be treated and MFC might make 
it possible to recover energy from them. However, re-
port about animal wastewater for MFC is very few. It 
is important that not only municipal wastewater, but 
also animal wastewater treatment with MFC will be 
investigated.
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